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Diffusion in Copper and Copper Alloys
Part IV. Diffusion in Systems Involving Elements of Group VIl

Daniel B. Butrymowicz, John R. Manning, and Michael E. Read

Metallurgy Division, Institute for Materials Research, National Bureau of Standards, Washington, D.C. 20234

A survey, comparison, and critical analysis is presented of data compiled from the scientific litera-
ture concerning diffusion in copper alloy systems involving elements in Group VIII (Co, Fe, Ni, Pd,
Pt, Rh, Ru). Here thie term “copper alloy system” is interpreted in the broadest sense. For example,
the review of diffusion in the Cu-M system reports all diffusion situations which involve both copper and
element M, including diffusion of Cu in M or in any binary, ternary or multicomponent alloy containing
M; diffusion of M in Cu or in any alloy containing Cu; and diffusion of any element in any alloy containing
both Cu and M. Topics include volume diffusion, surface diffusion, grain beundary diffusion, tracer
diffusion, alloy interdiffusion, electromigration, thermomigration, dislocation-pipe diffusion, and
diffusion in meolten metals. An extensive bibliography is presented along with figures, tabularpresenta-

tion of data and discussion of results.

Key words: Alloys; cobalt; copper; diffusion; electromigration; iron; nickel; palladium; platinum;

rhodium; ruthenium; thermomigration.
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1. Introduction
1.1. Organization of Review According to Alloy System

The present review is the fourth in a series designed
to provide data on diffusion in copper and copper alloys.
The first paper [1]in the series covered copper self-
diffusion. The second paper [2] of the series dealt with
diffusion in the copper-silver and copper-gold systems.
The third paper {3] reviewed diffusion in copper alloy
systems which involved the elements of the groups 1A,
11A, IT1IB, IVB, VB, VIB, and VIIB. The present paper
continues the coverage of diffusion in copper alloy sys-
tems. Data on diffusion in systems which involve copper
and elements of group VIII are presented in this paper.
Succeeding papers in this series will cover the remain-
ing copper alloys.

Each Cu-M alloy system (M= Co, Fe, Ni, Pd, P1, Rh,
Ru) will be reviewed indcpendently as a unit; and each
system is provided with an independently numbered
list of references. The term “Copper alloy system” is
interpreted in the broadest sense here. For example,
the review of diffusion in the Cu-Fe system includes all
diffusion situations which involve both copper and iron.
This same format will be followed for all Cu-M systems.
Accurding to this format, the Cu-Fc revicw treats:

(1) Diffusion of iron in pure copper

(2) Diffusion of copper in pure iron

(3) Diffusion of copper or iron in Cu-Fe binary alloys

{4) Diffusion of impurities in Cu-Fe binary alloys

(5) Diffusion in any ternary alloy containing both
copper and iron (or in any multicomponent alloy
containing both copper and iron)

(6) Diffusion of copper in any alloy containing iron

{7y Diffusion of iron in any alloy containing copper.
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For easy reference, a list of subsections is provided in
the table of contents for each alloy system. Under the
Cu-Fe system as an example, binary situations which
involve only copper and iron (items 1, 2, and 3 in the
above list) are discussed first and are presented in
separate subsections under the Cu-Fe section. Then,
ternary situations involving a third element in addition
to copper and iron are presented. These ternary sub-
sections appear in alphabetical order according to the
chemical symbol of the third element. Data of types
4, 5, 6, and 7 all are included in each such subsection
if available. If no diffusion data are available on a given
three-component system, say Cu-Fe-M, then this system
is simply not listed. Special diffusion effects, such as
grain boundary diffusion, surface diffusion, electro-

migration, etc., are discussed in a final set of subsections. .

Diffusion measurements in quaternary and other
higher order multicomponent alloys are not common in
copper alloy systems. General discussions of diffusion

in these alloys are presented in a single subsection
entitled, for example, Cu-Fe-X.

1.2. Methods Used to Present and Compare Data

The primary quantities of interest for diffusion are
the diffusion coefficient, D, and the activation energy
for diffusion, Q. The diffusion coefficient is defined by
the equation

J=-—D(dc/ox), 1)

where dc/d x is the concentration gradient of the diffus-
ing species along a direction x of interest, and the
diffusion flux, J, is the amount of diffusing species
crossing unit area normal to thc x-axis per unit time.
D, iiself, is a constant of proportionality and usually is
expressed in units of cm?/s. Experimentally, D is usu-
ally found to depend exponentially on temperature
according to an Arrhenius-type equation,

D=Dexp(—Q/RT). (2)

Thus, a straight line is usually obtained when log D is

plotted as ‘a function of T-1. Here, T is the absolute
temperature, Dy and Q are experimentally measured
constants which can be determined from the intercept
and the slope of that line, and R is the universal gas
constant (1.987 cal -K-!-mol-1=8.314 J - K-! - mol-1).

The quantity Q in eq (2) is usually found expressed in
the literature in units of kcal/mol, or in units of kcal
alone (with the mole understood). Usually Q can be
determined to only two or three significant figures and
has a value between 10,000 and 100,000 cal/mol. Thus,
when Q is expressed directly in terms of cal/mol, as
is sometimes found in the literature, the last few zeros
before the decimal are not significant figures. A second
type of unit for Q frequently found in the literature is
the electron volt or electron volt per atom. When this
unit is reported, it is understood that Rin eq (2) is re-

placed by Boltzmann’s constant, k (equal 10 1.3806 %
10-28 J - K-10r 8.617 X 10-5eV - K1),

In alloys, the dependence of D and Q on alloy composi-
tion provides another variable which must be considered
in addition to those previously discussed for self-dif-
fusion in pure copper [1]. Usually no consistent general
equation can be written to express L(c) at all concen-
trations, ¢. Thus, data on the composition dependence

~of D or Q is usually summarized in this review by dis-

playing the measured values on graphs of D or Q versus
composition, rather than by use of equations.

When the temperature dependence of D is considered,
the best smooth line through the data often can be sum-
marized by expressing D in the form of eq (2). In the pres-
ent paper, the more reliable data usually are presented
in display equations in the text in this form. In addition,
individual Do and Q values may be quoted to provide
information in summary form and expedite comparisons
between differing measurements. Even for the tempera-
ture dependence of D, however, the most useful means
of presenting and comparing data probably is by means
of graphs, showing the diffusion coefficients themselves;
in this case with log D plotted versus T-!. A number of

these graphs are shown in the present review.

The textual discussions provide commentary on the
experiments reported and, wherever possible, a com-
parison and evaluation of the reliability of the experi-
mental methods and results. An attempt has been made
here to provide comprehensive coverage. In cases where
very little good data are available on a system, even poor
data will be presented and discussed as providing some
indication of diffusion behavior in that system.

In choosing among various reported diffusion meas-
urements for reliahility, the internal consistency and
reproducibility of the data are considered important.
For example, it is expected that the experimental points,
expressed as log D, should fall very nearly on a straight
line when plotted as a tunction of 7', as given by eq (2).
The degree of scatter from a line drawn through the .
experimental points is usually assumed to provide a good
indication of the accuracy of the data. Such a line will
not be well-established if only a few measurements in
a limited temperature range are reported. For this
reason, data taken at many different temperatures and,
over a wide temperature range normally are considered
more reliable (in the absence of other considerations)
and are more easily evaluated.
~ At tempcraturcs ncar the meclting point, volume dif-
fusion through regions of good crystal structure is
normally predominant. At lower temperatures, diffusion
along the easy paths provided by grain boundaries often
becomes important. Most data reported in the literature
are for diffusion at moderately high temperatures,
above two-thirds of the melting point, where volume
diffusion usually dominates. Nevertheless, grain-
boundary diffusion measurements also are reported
in the review when available. A separate diffusion co-
efficient, D, for diffusion in a grain-boundary can be
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defined from eq (1). A uniform D, value usually is
assumed to apply to the entire grain-boundary volume,
which is regarded as extending in two dimensions but
having a finite width, 8. With the grain-boundary re-
garded .as a plane, one can say that the plane envi-
sioned in eq (1) normal to the concentration gradient
will cut the grain-boundary plane along a line. Experi-
mentally, the flux, J', crossing unit length of this line
often is the quantity measured rather than the actual
flux, J, per unit area, which is the quantity in eq (1).
In such a case, taking the ratio J'/— (3c/dx) yields
Dy, - 8. Thus, where grain-boundary diffusion results
are quoted, D, - 8 frequently is given instead of just
D, with 8 being an unknown grain-boundary width,
and D, - 8 then being expressed in units of ;cm3/s.

A similar situation can arise in surface diffusion
measurements if the surface is regarded as having a
thickness, 8. More commonly though, the surface
concentration is expressed in terms of the number of
atoms, c¢’, per unit area (rather than the number per
unit volume). Then, the ratio, J'/—(dc’/dx), yields a
conventional surface diffusion coefficient, I, which
can be expressed in the conventional units of cm?/s.

For deseriptions of standard experimental tech-
niques of measuring volume, grain-boundary, and
surface diffusion coefficients, and related diffusion
quantities, the reader is referred to general review ar-
ticles [4-8]. In addition, specific references and com-
ments are provided at points in the textual commentary
where results from some of the less-standard types of
measurements are discussed.

1.3. Different Types of Diffusion Coefficients

For diffusion in alloys. one must be particularly care-
ful to establish the type of diffusion coefficient that is
reported. There are two main types of diffusion experi-
ments in alloys frequently reported in the literature—
tracer  diffusion coefficients and interdiffusion
coeflicients.

An understanding of why tracer and interdiffusion
experiments, which both define their diffusion co-
efficients, D, by means of eq (1), yield different dif-
fusion coefficient values can be gained by considering
the physical arrangement of these measurements and
the basic diffusion equations. The basic kinetic dif-
fusion equation for the atom flux, J, of a diffusing
species with respect to the end of a specimen can be
written as

J=‘D*%+(U)p ¢+ vrce. (3)

Here, D* is a quantity related to the atom jump fre-
quencies of the diffusing species; (v), is the atom
drift velocity from atomic driving forces; ¢ is the
concentration; and vy 15 the velocity of the local lattice
plane with respect to the ends of the specimen. It may
be noted that eq (3) is similar to eq (1) but differs
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in two respects: (1) eq (3) contains. two velocity-con-
centration terms, (v)r ¢ and vic, and (2) the coefficient
of 3c/dx in eq (3) is the specific quantity, D*, rather
than a general diffusion coefhcient, D.

In a typical tracer diffusion experiment, a very thin
layer of tracer atoms is deposited on the surface of a
homogeneous alloy, and diffusion is carried out in the
absence of driving forces. Here, the tracer atoms diffuse
into an essentially unchanging homogeneous matrix, and
{v)r and v}, are zero. Consequently,; D* is the measured
diffusion coefficient in this type of experiment, which
results in D* being called the “tracer diffusion coefhi-
cient.” v

By contrast, in an interdiffusion experiment, two bulk
specimens of different alloy composition are brought
into contact, and atoms diffuse in both directions across
the interface. These alloys usually have positive or nega-
tive energies of mixing, and atom drift velocities (v)r can
arise from forces created by gradients in these energies.
Also, the D* values of the various constituents usually
are unequal. This inequality produces a net atom flux
across the interface toward one end of the specimen and
makes v differ from zero. In simple interdiffusion
experiments, where other driving forces are absent,
(v)r and vy are proportional to dc/dx, and J still is found
to be directly proportional to dc/dx. However, if one
calculates an interdiffusion coefficient, D, from the ratio
—J/(dclox), as in eq (1), one should expect 10 find
D # D*.

For a binary alloy, D is the same for both constituents.
Thus, there are two, different tracer diffusion coefhi-
cients for the two constituents in a binary alloy (one for
each constituent), but only one interdiffusion coeflicient.
The interdiffusion coefficient in some references is
called the “chemical diffusion coefficient,” or the
“chemical interdiffusion coefficient.”

The interdiffusion coefficient, D, in a binary alloy
containing constituents A and B can be related to the
tracer diffusion coefficients, D * and Dg*, for A and B
atoms in that alloy by the equation

D= (N,Dyg*+ NgD,*)®S, @)

where N, and Ny are the mole fractions of species A
and B in the alloy, ® is the thermodynamic factor, and
S is the vacancy wind factor. When either N, or Nj
goes to zero, both @ and S go to unity; so in the limit of a
very dilute binary alloy, D should equal the tracer dif-
fusion coefficient of the dilute constituent. In non-dilute
alloys, ®S can differ appreciably from unity, say by a
factor of four. In these alloys, additional information
(which is usually not available) on thermodynamic
activity coefficients is needed to determine D from
D,* and Dg*.

A third type of diffusion coefficient in alloys is the
intrinsic diffusion coefficient, Di. This coefficient is
defined by eq (1) when J in that equation is defined as
the atom flux of species i with respect to a local lattice
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plane. Equations relating D! to other diffusion coeffi-
cients are given, for example, in reference [9]. When vy
differs from zero, D} will differ from D. When ()r differs
from zero, D} will differ from D;*.

In the discussion of D] and D given above, it was as-
sumed that the only atomic driving force was that from
the heat of mixing. If other driving forces of unknown
magnitude are present in an experiment or if other lattice
distortions contribute to v, the measured diffusion
coefficient, [—J/(9c/ax)], will, of course, be affected.
Usually in these cases, one refers to an “‘effective dif-
fusion coefficient’ obtained from eq (1).

In situations where the measured J or dcfdx values
are believed to contain significant unknown errors,
an “apparent diffusion coefficient” may still be defined
based on the apparent values of J and d¢/dx (or of the
other related quantities) which the particular experiment
provides.

Diffusion coefficients may show a strong dependence
on alloy composition. This composition dependence
can lead to very nonsymmetric concentration-versus-
distance profiles in some interdiffusion experiments.
If a nonsymmetric profile is assumed to be symmetric,
a single ‘“average diffusion coefficient” can be cal-
culated for the experiment. Other methods of finding
an average diffusion coefficient applicable to a given
somecwhat different
results, since the types of averaging may differ.

In ternary and higher-order multicomponent alloys,
there will be more than one dependent -concentration
gradient. Then, instead of defining a single diffusion
coefficient as in eq (1), it often is convenient to define
‘a set of partial diffusion coeficients, D, where

concentration range may give

Ji==3 Dy ' ®)
J

Here, J; is the flux of species i, and 9 ¢;/ dx is the concen-
tration gradient of species j. Since the sum of the con-
centration gradients of all species in the crystal must

equal zero, one of the concentration gradients must be’

eliminated from the general expression if one wishes
to obtain independent, partial diffusion coefficients.
This gradient can arbitrarily be chosen to be any one of
the gradients, dc »/dx. Then,

anr
Ji=— L=, (6)
#Zn 1 ax _
where
DY = Dy — Diy )

For an n-component alloy, there are n—1 independent
partial diffusion coefficients, D). for each species i.

In multicomponent alloys, partial diffusion coeffi-
cients can be either intrinsic diffusion coefficients or
interdiffusion coeflicients. Here again, the distinction
is that the intrinsic diffusion coefficients are related

to the fluxes with respect to local lattice planes, whereas
the interdiffusion coefficients are related to fluxes
measured relative to the undiffused ends of the
specimen. :

Further discussion of the physical meaning of D*, D
and D can be found in references [2], [3], and [10].

1.4. Other Diffusion Related Quantities

In this review, the emphasis is on direct measure-
ments of diffusion coefficients. There are, however, a
number of diffusion-related phenomena, such as sinter-
ing, creep, gas-permeation rates, measurements of
interface motion, and a variety of relaxation-time meas-
urements, from which estimates of diffusion rates can
be made. These data are reported when it appears that
significant diffusion information can be obtained from
them. For example, diffusion activation energies
often can be estimated from these diffusion-related
phenomena. ‘

Tcmpcraturc and alloy composition arc thc major
variables usually considered in reporting diffusion data.
Nevertheless, diffusion rates also can be influenced by a
number of other factors, such as pressure, electric
fields, temperature gradients, ultrasonic vibration, and
strain rates. When appropriate data are available,
separate descriptions are provided in the reviews which
report on these special effects.

For diffusion as a function of pressure, p, it usually
is possible to write

D=D(p=0) exp (—pAV/kT), @

where D(p=0) is the value of the diffusion coefficient
at zero pressure, and AV is called the measured activa-
tion volume. For hydrostatic pressures on metals, very
high pressures usually are required before D changes
appreciably, since AV is usually of the order of an atomic
volume.

In the case of diffusion in an electric field, a eritical
quantity in determining the diffusion rates is the mea-
sured effective charge, g*¥, of the diffusing species,
since the field E affects the drift velocity in eq (3
according to the equation

(v)r[D*=q **E(kT) ~'. ©

Here g** may differ appreciably, however, from the
actual charge ot the diffusing species. For diffusion in
a temperature gradient, the measured heat of transport,
Q**, serves a similar function, with

(v)p/D*=—Q**VT/kT?. (10

These quantities are discussed more fully, for example,
in reference [3] and in other earlier reviews in this’
series. .

‘Discussions also are given there of the relation be-
tween gas permeation rates and diffusion. For example,
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if K is the permeation rate through an alloj', Sis the solu-
bility, and D the diffusion coefficient, one can write for
diffusion-controlled permeation [11, 12]

K=DS. (1)

In an interdiffusion experiment, the net shift with re-
spect to the ends of the specimen in the position of the
original interface lattice plane is called the Kirkendall
shift, xx. This shift, which results from unequal intrinsic
diffusion of components across the plane, can be mea-
sured, for example, by placing inert wires or other
markers at this plane. For normal parabolic diffusion
at constant temperature for diffusion time 7, the Kirk-
endall shift will be proportional to 7172, since x,=

f;vk dt, and v is proportional to V2. Here, v is the

same velocity which appears in eq (3). For simple inter-
diffusion in a binary A-B alloy, vy is proportional to
I¥,— D%, and
ak=27(DL—DL) (3N,/d),. 12)
In parabolic diffusion, 9N ,/dx is proportional to 77172,
s0 eq (12) yields x; < 712, as expected
In binary alloys, D is related to the intrinsic diffusion

coeflicients by

D= N,D% + NyDi,. (13)

If D and x; are measured at a binary alloy interface of
known composition and concentration gradient, D} and
Di can be found from eqs (12) and (13).

1.5. Note on References

Many references are in non-English languages. Where
English translations are available, it has been so noted
in brackets following the original citation. The bulk of
these translations are available from the National Tech-
nical Information Service (NTIS), Springfield, Va. 22151.
Others are available from Henry Brutcher Technical
Translations (HB), P.O. Box 157, Altadena, Calif. 91001;
the British Iron and Steel Industry Translation Service
(BISI), The Iron and Steel Institute, 39 Victoria Street,
London, S.W. 1, England; or the National Translation
Center (NTC), 35 West 33rd Street, Chicago, Illinois
61606.
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2. Copper-Cobalt
2.1. Co™*— Cu

The rates of diffusion of the radioactive tracer-
impurity #Co into single crystals of high purity copper
have been reported by Mackliet [1] and Sakamoto [2],
both over reasonably large temperature ranges. Their
results are in disagreement with each other as is seen
from the plots of the temperature dependence of the
diffusion coefficients obtained in their experiments.
Mackliet’s high temperature data can be represented
by the expression:

D¢, c,=1.93 exp(—54.1 kcal - mol~!/RT) cm?/s,

whereas Sakamoto’s data can be represented by the
expression:

& acu =5.7exp(—55.2 kcal - mol-//RT) cm?/s.

Despite the nonlinear plot, Mackliet’s data appear
to be the more reliable since they were obtained from
a more careful experiment which resulted in greater
accuracy and precision. ’

Mackliet used high purity copper (99.998+ %) versus
Sakamoto’s copper of unspecified purity.

After careful surface preparation, Mackliet annealed
his single crystals and then electrodeposited his tracer
80 Co. Sakamoto did not anneal his drum-shaped samples
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Fisune 1. The wracer diffusion coefficient of ®Co in single crystals of pure copper as a
function of reciprocal absolute temperature.

Data taken from Sakamoto [2] , Mackliet [1]. and Badrinarayanan et al. [4} The el

et al. [23] are shown for comparison.

after cutting and machining, or before electrodeposi-
tion. It is conceivable that the newly exposed surfaces
of Sakamoto’s specimens contained a worked layer,
causing recrystallization and polycrystallinity during
the diffusion anneals, which resulted in higher diffusion
rates.

Mackliet deposited a ®Co layer of 7.5 A or less,
whereas Sakamoto’s layer was considerably thicker
(approximately 20 A).

The temperatures in Mackliet’s experiments ranged
from 700 to 1077 °C (with furnace temperature excur-
sions of 1 °C at the higher temperatures, and 1.5 °C at
most other temperatures), and diffusion times of 4 hours
to 40 days. Sakamoto’s diffusion runs extended over the
smaller temperature range of 700 to 950 °C (the furnace
temperature being held constant 10 within =+ 2 °C) for

1 data of K k

periods of several hours to 20 days.

Although the penetration curves of both authors
indicated a strict proportionality between the logarithm
of the specific activity and the square of the penetra-
tion depth, Sakamoto’s possessed considerably more
scatter. Taking these penetration plots, calculating trom
them the logarithms of the diffusion coefficients, and
plotting log D versus the reciprocal of the absolute
temperature, one obtains a straight line from Sakamoto’s
data and a non-linear plot from Mackliet’s data. (See
figure 1). Because of the non-linearity of Mackliet’s
plot, Dy and Q were calculated for both the initial and
final portions of the curve with the aim of showing that
the differences in slope and intercept for the two
portions are much greater than the statistical errors in
the individual values. The values of Dy and Q appuvar

J. Phys. Chem. Ref. Data, Vol. 5, No. 1, 1976



112 ‘ - BUTRYMOWICZ, MANNING, AND READ

in table 1. The unexpectedly large diffusion coefficients
observed at the low temperature may be attributed to
the randomly distributed dislocations ordinarily found
in a metal. The contribution of such dislocations to
“apparent” volume diffusion have been pointed out by
Hart [3)

Subsequent isotope effect measurements for the
diffusion of cobalt in polyerystalline copper by Badrin-
arayanan and Mathur [4] yielded coefhicients which are
in good agreement with those of Mackliet [1]. Their
results are plotted in figure 1 and listed in table 2.

TABLE 1. Tracer diffusion parameters of
Co in copper. Data taken
from Mackliet [1].
T (°C) Dy (cm?/s) Q (kcal/mol)
840-1077 1.93 + 3% 54.1 * 0.14%
700~ 800 0.39 = 0.2% 50.6 = 0.01%
TABLE 2. Tracer diffusion coefficients
of ®9Co in copper. Data taken
from Badrinarayanan and Mathur
[4].
T (°C) D* (cm?/s)
2.43 x 1077
1033 2.26 x 1077
z.14 x 107°
5.75 x 10710
960 10
5.71 x 10
-10
890 2.15 x 10

1.95 x 10”77

2.2. Cu-Co Interdiffusion

Interdiffusion coefficients have been measured as a
function of composition in dilutc, singlec-phasc, Cu-Co
alloys (containing as much as 2 wt% Co) [5, 6]. The dif-
fusion couples were constructed of spectroscopically
pure, polycrystalline copper and cobalt specimens and
annealed at temperatures varying from 800 10 1073 °C.
The degree of interpenetration in the rn-phase was de-
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termined with an electron-probe micoanalyzer. Inter-
diffusion coeflicients were calculated with the aid of the
Matano method [7] and a modified Hall analysis, Hall’s
analytical evaluation of interdiffusion coefficient at
Jow solute concentrations {8) was reanalyzed, taking into

. consideration the nonlinear behavior exhibited by the

probability plots of their experimental data in these
regions. Measurements were made at eight different
temperatures (=2°C), and the interdiffusion coeffi-
cients calculated at compositions up to 2 wt% cobalt
(see fig. 2) appear 1o increase very rapidly at the more
dilute cobalt concentrations. When the coefficients are
plotted as a function of the reciprocal abeolute tempera-
ture, an Arrhenius expression can be obtained. Figure 3
gives the activation energy for interdiffusion as a func-
tion of cobalt concentration. The variation of the pre-
exponential factor with cobalt composition is shown in
figure 4. Also plotted (for comparison) in figures 3 and 4
are the activation energy and pre-exponential factor
obtained by Mackliet [1] in his radioactive tracer ex-
periments. )

There are no other qualitative investigations of inter-
diffusion with which to compare the composition de-
pendencies found in these experiments.

There has been a very brief and qualitative study of
interdiffusion in the Cu-Co binary system reported [9].
The authors employed an x-ray microradiographic
technique {10, 11] based on the use of an x-ray mono-
chromatic focusing technique of high resolution, using -
low order reflections in order to avoid the difficulty
inherent in the Ka-splitting of rcflcctions of high orders.
Copper was electrodeposited onto polycrystalline
(of unspecified grain size) alloy foils of composition 32.6
at.% cobalt, balance copper. The diffusion couples were
annealed at 800, 900, and 1000°C (5 °C) for 4 hours.
Analysis by the combined diffraction microradiography
technique revealed that cobalt diffuses along grain
boundaries in enpper hetween 800 and 900 °C. At 1000
°C, the dominant diffusion mechanism was volume dif-
fusion.

Solid cobalt has been interdiffused with pure molten
copper in the temperature range 1100 to 1300°C for
times as long as 1800 seconds [12). Examination of the
interface revealed that the molten copper moved into
the solid cobalt principally by lattice diffusion.

2.3. Cu-Co-Au

The diffusion of radioactive 3Co into a Cug Au alloy
has been studied [13]. The diffusion coeflicients were
determined over the temperature range 650-900 °C.
A thin layer (100 atomic layers) of 3Co was electrode-
posited  on arge prained  polycrystalline alloy speei-
mens: (the alloys were made of components of an un-

specified purity). After the diffusion anneals, the 57Co
concemration gradient was determined through the
use of a “self-absorption method” [14-18]. The cal-
culated yracer difusion coefhcients are listed in table 3.
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A plot of the temperature dependence of these data is
shown in figure 5. A least-squares analysis of the data
over the considered temperature range can be described
by the following Arrhenius equation:

D¥concuan=1(4.20.5) X 10-2 exp [—(2.00
+0.04) eV- atom ! /kT] cm?/s.

In addition to the given error in the value of the pre-
exponential factor, Dy, there is a source of further un-
certainty of =10% to be considered. This additional
suncertainty in the value of D, arises because of the
pre-exponential factor's dependence on the geometry

dified Hall method) by Bruni and Christian [6].

adopted for the activity measurements, as well as the
choice of the absorption coefficient used in the
calculations.

2.4. Cy-Co-0
The interdiffusion of Co and Cu, O at 800 and 1000 °C

has been studied [19, 20], with special attention given to
the reaction products (their rate of formation and their
morphology) formed in the interdiffusion zone.

2.5. Cu-Co-Ti-X

Qualitative interdiffusion studies in the Cu-Co-Ti
systems have been performed [21]. These studies were
undertaken with regard to the diffusion soldering of

J. Phys. Chem. Ref. Data, Vol. 5, No. 1, 1976
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TABLE 3. Tracer diffusion coefficients
of 57Co in CuzAu. Data taken
from Benci et al. [13].
T (°0)? D* (cm?/s)
900 1.08 x 1077
850 4.77 x 10717
800 1.78 x 1077
750 6.62 x 1072
700 1.83 x 10712
650 5.40 x 10713
aTemperatures measured to *2 °C.

titanium and titanium alloys. No useful quantitative
interdiffusion data were reported.

2.6. Cu-Co-Zn

The impurity diffusion of radioactive % Co into the

J. Phys. Chem. Ref. Data, Vol. 5, No. 1, 1976

onergy in trocer experi

ordered super-lattice of CuZn (B-brass) has been re-
ported [22]. The experiments were performed in the
‘temperature range 320-700 °C. The tracer was electro-
deposited on coarse-grained, polycrystalline, alloy (47.2
al .% Zn) specimens of unspecified purity.

After the diffusion anneals, the specimens were sec-
tioned on a lathe and the concentration gradients deter-
mined. From these daia, the diffusion coefficients were
calculated, and these are plotted in figure 6. A significant
break was found in the curve at the transition tempera-
ture of 468 °C, as has been noted for self-diffusion in
B-brass. In the disordered region above the transition
temperature, the D versus (1/T) plot is linear, and
the data follow the Arrhenius law:

D=0.047 exp (—26.90 kcal - mol~! /RT) cm?/s,

obtained from a least-squares fit of the data. Very near,
and just above the transilion temperature, there is a
departure from linearity.

At the transition temperature, where long-range
order bepins, the ) versus (1/T) curve begins decreas-
ing more rapidly.

In the ordered region (below 468 °C), the logarith-
mie plot of 17 versus (1/T) has a finite curvature. Since



DIFFUSION IN COPPER AND COPPER ALLOYS 115

COBALT CONCENTRATION (at. %)

o] 1
. ; 1

' l

B a

Do , PRE-EXPONENTIAL (cm?/s)

. 1 |

- <O~ Bruni 8 Christian ]

Mackliet (tracer)

[o] |

2

COBALT CONCENTRATION (wt. %)

FIGURE 4. The pre-exponential factor, Dy, for interdiffusion in the a-phase of the Cu-Co
alloy system as a function of cobalt concentration.

Data taken from Bruni and Christian [6]. and the radioactive tracer diffusion experiments of Mackliet {11.

the data do not fit a straight line, no frequency factor or
activation energy is calculated for diffusion in the order-
ed super-lattice.

The authors do relate by means of numerical and
graphical interpolations their empirical curves of D(T)
to a function of the long-range order parameter.

2.7. Electromigration

The electrotransport of ®°Co in cupper has beon
studied [23]. The authors used an isothermal tracer tech-
nique [24, 25]. Using this method, a thin layer of less
than one micron of the radioactive tracer was electrolyti-
cally deposited on the end faces of two identical speci-
mens. The active surfaces were then placed in contact
with each other and inserted between the electrodes.
A direct current of 2000 A was passed through the speci-
mens under vacuum. The current density was approxi-
mately 150 to 250 A/mm. After the experiment, the speci-
men was removed from the apparatus and separated
at the plane of contact. The Gruzin residual-activity
method [26] was employed to determine the distribution
depth of the active material in the anode and cathode
halves of the specimen. The diffusion coefficients
determined in these experiments are listed in table 4.
These D values are larger than those of Mackliet, being
approximately the same as those of Sakamoto (see figure

TABLE 4. Diffusion coefficients of €0Co
in copper from electrotrans-

port experiments. Data taken

from Kuzmenko et al. [23].
T (°C) D* (cm?/s)
ys56 8.7 x 10”19
945 7.0 x 1017
939 6.3 x 10770
922 4.4 x 10770
882 1.6 x 10779

1). Because of the restricted temperature range and
scatter in the data, no activation energy was calculated.

In all the experiments the transport of the  Co was
in the direction of the anode, thus indicating that the
electron wind is the predominant force determining the
mobility of the ¢ Co ion in the copper lattice. Scattering
cross sections and “effective charge numbers” were also
calculated from these data. The authors did not report

J. Phys. Chem. Ref. Data, Vol. 5, Ne. 1, 1976
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the details of their specimen preparation, the precision
of their data, or discuss possible error sources in their
experiments, although the isothermal isotope technique
utilized in the experiment has since been improved upon
[27).

The electromigration of 38 Co has been investigated by

Guilmin and coworkers [28] who employed a thin-layer
refs., 20 21) in their exunert

e {éee e.g., refs. 20- 31) in their cxperi

technigue

onts ot
technig

MCnis av

1015°C. The radioactive cobalt impurities migrated
towards the anode. An effective valency of —34 +5 was
calculated from the data.

2.8. Thermomigration

The thermomigration of cobalt in dilute solid Cu-Co
alloys has been reported [32, 33]. In both studies, a
steady-state technique utilizing radioactive tracers
was used to study the migration of the ¢ Co impurities.
Spectrographically pure copper (99.999%) was used as
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of 5Co in a CusAu alloy as a function of

the starting material in preparation of spccimcns con-
taining a uniform concentration of the %°Co impurity.
After removing the samples from the furnace, they were
sectioned on a lathe and the radioactivity counted.
Unfortunately, the results are conflicting. In the
earlier investigation [32], the cobalt was found to mi-
grate towards the cold side of all the specimens, whereas

ran

in the most recent study [33], the opposite was found.

2.9. Molten Metals

The impurity diffusion coefficient of cobalt in liquid
copper has been measured over the temperature range
1100-1300 °C [34]. A modified capillary-reservoir tech-
nique was employed. The data will fit an Arrhenius-type
equation within the limits of the experimental errors.
For the liquid Cu-Co system: :

D= (2.3,+0.02,) X 10-3exp [—(11.39
+0.26) keal - mol-1/RT] cm?/s.
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After Bassani et al. [22]

These diffusion parameters are in contrast to those
obtained from dissolution experiments [35] where the
activation energy was determined to be 8.98 kcal/mol
and pre-exponential factor, 2.4 X 10-¢ cm?2/[s.

Solid cebalt has been interdiffused with molten copper
[12] and is discussed in section 2.2, Cu-Co Interdiffusion.
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3. Copper-lron
3.1. Fe*—> Cu

The rate of diffusion of radioactive iron in pure copper
has been reported by a number of authors [1-9]. Their
results are shown in figure 7. The isotope effect measure-
ments of Mullen [5-7] appear to be the best values of
all those reported. Mackliet’s results [1, 2] werc con-
firmed by Mullen’s careful experiments. Barreau et al.
[8] obtained results which are in excellent agreement
with Mullen and Mackliet. The experiments of Bernar-
dini and Cabane [9] are also in good agreement with
Mackliet, The only disagreement is in work published
by Tomono and Ikushima [4] who later [10] conceded
that poor experimental techunique and control in their
experiments were responsible for the discrepancy.

Mullen in his experiments plated 55 Fe and 5°Fe
isotopes onto single crystals of pure copper and diffused
them at temperatures ranging from near the melting
point down to 716 °C. The specimens were sectioned
after diffusion and the relative diffusivity of the two iron
isotopes determined (see table 5). The tracer diffusion
parameters, [h and Q, in the Arrhenius equation were
determined by a least-squares fit of Mullen’s data and
most of Mackliet’s data. The resulting Arrhenius-
expression with estimated errors is:

e = (1.010.23) exp [~ (50.950.46)
» kcal - mol-1/RT] cm?/s,

and should accurately indicate the rate of diffusion of
iron tracers in copper in the temperature range 700-1050
°C. This temperature dependence obtained from tracer-
sectioning techniques has been confirmed in experi-
ments where the Méssbauer effect was the tool em-
ployed [11-15].

Sotskov et al. [3] studied the motion of phase bound-
aries in the Fe-Cu system with radioactive isotopes.
Assuming thai the phase boundary motion is determined
by diffusion processes occurring within the adjacent
phases, they were able to calculate diffusion coefficients
(approximately 10-° em?/s) for radioactive iron diffus-
ing into pure copper in the temperature range 925-1050
°C (see fig. 7). Although the resultant coefficients are of
the right order of magnitude, they are somewhat less re-
liable than the above-mentioned studies because of the
additional factors introduced by the accompanying
phase transformations.

3.2. Cu*—>Fe

The diffusion of radioactive  Cu has been measured
by Lazarev and Golikov [16~19], Anand and Agarwala
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FiGURE 7. The tracer diffusion coefficient of iron in pure copper as a function of recip-

rocal absolute temperature.

Data extracted from the investigations of [2-4, 6, 81

[20), and by Rothman and coworkers [21]. The re-
sults are not in agreement (see fig. 8). The data of Roth-
man et al. show a large discontinuity in the Arrhenius
plot of the tracer diffusion coefficient at the a/y trans-
formation temperature, whereas the data of the other
two groups do not. )

As was demonsirated in the paper of Rothman et al.,
the major discrepancy between the results probably
was duc to grain boundary contributions which strongly
affected the vy-phase measurements of Anand and
Agarwala. Trapping of the diffusing copper by inclusions
or impurities also possibly occurred in these experiments
of Anand and Agarwala. The same may be said of the
Soviet investigation. '

In the experiments of Rothman et al., two grades of

iron were utilized, Armco iron and a higher purity grade,
Ferrovac E. The ¢ Cu isotope was evaporated onto the
surfaces of these iron specimens and diffused at tem-
peratures in the range 850-1368 °C. The copper tracer
diffusion coefficients obtained from Gaussian or near-
Gaussian penetration plots .are listed in table 6. The
results indicated that the ‘grain boundary diffusion of
copper was predominent at temperatures =815 °C in
the a.phase. In the y-phase. grain boundary diffusion
predominated at temperatures = 1250 °C. Autoradio-
graphs confirmed the diffusion of copper in the grain
boundaries. Additionally, autoradiographs from the less
pure iron specimens indicated the agglomeration of
64 Cy near the grain boundaries, leading the authors to
speculate on the trapping of % Cu by inclusions or a

J. Phys. Chem. Ref. Data, Vel. 5, No. 1, 1976
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TABLE 5. Tracer diffusion coefficients of 55Fe in copper. Data taken from
Mullen [6].
T (°C) D{-,‘gFe (cm?/s) 1-Dsop /Dssp, Isotope Effect (E)
1056.12 4.38 x 1077 0.0256 # 0.0018P 0.742 + 0.052°
1056.1 4.46 x 10”7 0.0235 + 0.0012 0.681 + 0.036
927.4 5.16 x 1070
927.4 5.11 x 10719 0.0234 * 0.0015 0.679 * 0.043
767.3 2.10 x 10”7 0.0224 £ 0.0010 0.650 * 0.028
716.8 5.76 x 10712 0.0203 + 0.0018 0.590 + 0.053

411 temperatures *1 °C.

b .
Errors shown are least-squares standard error.

TABLE 6. Tracer diffusion coefficients
of 8%Cu in pure iron. Data
taken from Rothman et al. [21].
T (°C) Phase D* (cm?/s)
13682 y 5.20 x 10719
1368 Y 5.03 x 1070
1315 ¥ 2.56 x 10719
1315 . 2.45 x 10719
1285 y 1.55 x 10717
1285 y 1.52 x 10719
901.6° o 5.1 x 107!
867.0 o 2.2 x 10!
854.5 : 1.8 x 1077
azgmgce:ratures in the y-phase measured to

bTemperatures in
£l °C.

the o-phase measured to

precipitation process
solution. :

These results of Rothman et al. are consistent with
the interdiffusion results of Speich and coworkers [22]
who also found a discontinuity in the interdiffusion
coefficient in the afy transformation (see fig. 8). Since
Spcich et al. measured interdiffusion in dilute Fe-Cu

connected with impurities in

J. Phys. Chem. Ref. Data, Vol. 5, No. 1, 1976

(0-2 wt%) alloys, their measured interdiffusion co-
efficients should be nearly equal to D%, . In the
y-phase, they report Do=1.8 cm?ss and Q=705
kecal/mol. In the a-phase above the Curie temperature,
Dy=8.6 cm?[s and Q@ =59.7 kcal/mol. Below the Curie
temperature (759 °C), an anomalous decrease in D
occurs. This werk is discussed more thoroughly in sec-
tion 3.5, on interdiffusion in Cu-Fe.

The effect of minor alloying additions to iron (such as
is found in mild steels) on the copper tracer diffusion
coefficient was investigated by Lindner and Karnik
[23], and by Rassoul and coworkers [24]. In the experi-
ments by Lindner and Karnik, the iron contained 0.13%
carbon (as well as 0.63% Mn, 0.16% Ca, <0.1% Si,.
Ni, Cr, S and P). The tracer diffusion coefficients (see
figz. 9) were determined by measuring the decrease in
surface activity resulting from diffusion and absorption.
Their measurements, made over a temperature range of
800 tv 1200 °C, yiclded diffusion coeeflicients which can
be described by a single Arrhenius expression, with
Do=3 cm?/s and Q=61 kcal/mol. On a D vs I/T plot,
the line from this Arrhenius eqguation is comparable to
that of Anand and Agarwala, showing no discontinuities
and lying about midway between the separate lines
describing diffusion of copper in pure a-iron and copper
in pure <y-iron, as determined by Speich et al. and
Rothman et al.

Rassoul and coworkers (also working with a mild
steel) made their measurements over a hroad tempera-
ture range so as to encompass both the a- and y-phases
and the two-phase region between them. Their iron
(steel 1020) specimens contained 0.209% carbon, and a
thin-layer method [25, 26] of determining the copper
tracer diffusion coefficient was employed. Figure 9
contains the Arrhenjus plots of these data. The diffusion
cocfhcicnta arc scveral orders of magnitude higher than
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The effect of the Curie temperature and the oy phase transition on the rate of tracer diffusion is readily apparent.
Data excerpted from the studies of Anand and Agarwala {20}, and Rothman and coworkers [21]. The interdiffusion coefli-
cients as determined by Speich and coworkers [22] are also shown for comparison.

other results reported above, which is surprising.
Nevertheless, a pronounced discontinuity in diffusion
"coefficient values is found at each phase boundary.
Reliable activation energies probably should not be
expected from this data because of the small number of
measurements in each phase. The authors’ published
Dy and Q values appear to be in error and are incon-
sistent with their published diffusion coefficient values.

3.3. Fe*— Fe-Cu

Self-diffusion studies of radioactive iron isotopes in
Fe-Cu alloys (containing 0.6 at.% Cu) in the narrow
temperature range of 840 to 880 °C were inconclusive
[27]. The copper alloying addition apparently did not
cause a change in the value of the iron self-diffusion
rate when in pure a-iron. Values of the coeflicients were

J. Phys. Chem. Ref. Date, Vol. 5, No. 1, 1976
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The effect of minor alloying additions and phase transformations is readily apparent. Data excerpted from the papers

of Lindner and Karnik {23), and Rassoul and coworkers [24).

of the order of 10-12 cm?/s in the temperature range
investigated. Although an isotope effect was looked tor,
none was found.

Zhukhovitskii and coworkers [28] measured iron
self-diffusion rates in two-phase Cu-Fe alloys. In their
experiments, thick layers of *°Fe were electrolytically

TABLE 7. Effcctive diffusion coefficients
of 3%Fe in Fe-Cu alloys. Data
taken from Zhukhovitskii et al.
[28].

Fe-Cu Alloy D* (cm2/s)

(wt% Cu) 900 °C 1000 °C
5.0 5.0 x 1077 3.37 x 10712
9.9 4.29 x 10777

19.1 7.5 x107'% 5.84 x 10772
40.9 1.08 x 1072 6.45 x 10712
50.4 1.63 x 10777 ,

60.8 2.37 x 10772 g9.28 x 1077
79.38 4.75 x 10772 1.89 x 107!
90.0 8.35 x 10712 3,40 x 10711
97.6 2.24 x 1077 6.13 x 10”77

J. Phys. Chem. Ref. Data, Vol. 5, No. 1, 1976

deposited on a number of alloys (see table 7). The dif-
fusion temperatures were 900 and 1000 °C. After dif-
fusion anneals of 100 to 150 hours in vacuum, the loss
in B-activity was measured, and an effective iron self-
diffusion coefficient determined using the analysis
described by Zhukhovitskii, Kryukov, and Geodakyan
[29, 30]. The coeflicients are termed “‘effective” dif-
fusion coeflicients since the measurement encompasses
the mobilities in two different phases as well as grain
boundaries. The results of the calculations are listed in
table 7. Figure 10 shows how the iron mobility varies
with copper concentration. The authors compared their
results to those predicted by several theoretical models
[31, 32]. Meeting with little success, they instead of-
fered a new mathematical treatment.

Iron self-diffusion coefficients were shown to be af-
fected by the presence of copper (0.27 at.%) in a-iron
single crystals [33]. Measurements made in the tem-
perature range 778-901 °C revealed a dehancement in
the iron-tracer mobility relative to pure iron crystals
(see table 8). Although the temperature range of the
investigation was rather narrow and measurements
were made at only three temperatures, a curvature was
found in the Arrhenius plot and did not allow an activa-
tion energy to be determined.

An isotope effect for iron self-diffsuion in single crys-
tals of a-iron containing 0.27 at.% copper did not differ
(within experimental error) from those measurements
made with pure iron specimens [34]. The isotope effect
values (0.39 at 778.3 °C, and 0.45 at 901 °C) are close
to those obtained in earlier experiments [35] by other
workers.
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Ficurg 10. Effective diffusion coefficients of *Fe as a function of copper concentration
in Fe-Cu alloys at 900 and 1000 °C.

Data taken from Hsin et al. [28].
3.4. Cu*— Cu-Fe

Dilute alloying additions or iron to pure copper have
been found to decrease the rate of copper self-diffusion
in the neighborhood of 1020 °C [36]. Utilized in the
serial-sectioning experiments were polycrystalline and
single crystal alloy specimens. Alloy compositions,
temperatures, and tracer diffusion coefficients are
listed in table 9. The results can be expressed mathe-
matically by the relation:

D%, cure =D¥, . c,(1+b Ce),

where b= {(—5=1.5) and Cy =atom fraction of iron
solute.

Lazarev and Golikov [16, 18] investigated both the
volume and grain boundary diffusion coefficients of
84 Cu, not only in pure iron, but also iron alloys containing
0.18 and 1.2 wt% Cu. Since the results they obtained in
their pure iron specimens are in conflict with more
reliable investigations, some strong doubts must be cast
upon these traccr studies in Fe-Cu alloys.

3.5. Cu-Fe Interdiffusion

Although a variety of interdiffusion studies have been
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TABLE 8. Tracer diffusion coefficients
of 3%Fe in single crystals of
Fe-Cu (0.27 at.%). Data from
Irmer et al. [33].
T (°C) D* (em?/s)
901 4.7 x 10712
809 5.24 x 10713
778.3 2.07 x 10713
TABLE 9. Tracer diffusion coefficients
of 6%Cu in Cu-Fe alloys. Data
taken from Bocquet [36].
T (°C)? Cu-Fe Alloy D* (cm?/s)
(at.% Fe)
1078 1.44 * 0.04 4.68 x 1077
1021 0 (pure Cuj 2.30 x 107°
1023 0.2  0.01 2.08 x 1077
0.5 + 0.02 2.04 x 1077
1020 1.38 + 0.04 2.12 x 1077
1.45 = 0.04 1.95 x 1077
2.40 + 0.05 1.98 x 1077
992 1.82 + 0.04 1.26 x 1077

performed in the Cu-Fe system (with a variety of re-
sults), the two most definitive investigations [22, 37]
are in disagreement with each other. Speich and co-
workers [22] determined interdiffusion coefficients
{and solubility imits of copper) in the alpha and gamma
phases of the Fe-Cu system from concentration-pene-
tration curves obtained from the electron-probe micro-
analysis of copper-plated polycrystalline iron diffusion
couples. In the other study, Krishtal and coworkers
[37] also employed an electron microprobe to analyze
their couples, finding concentration-dependent inter-
diffusion coefficients. The results of Krishtal et al. are
not in agreement with the carefully performed tracer
experiments of Rothman et al. (Cu in Fe) {21] or Mullen
(Fe in Cu) [6]. whereas the data ohtained hy Speich
et al. (who only measured the interdiffusion of copper
in iron) are in good agreement with the appropriate
tracer data.

Speich et al. performed their interdiffusion experi-
ments in the temperature range 700~1020 °C. The con-
centration-penetration data were analyzed under the
assumption of a concentration-independent interdiffu-
sion coeflicient (because of the low solubility of copper
in the o- and 7y-phases of iron [38]. The appropriate
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solution to the diffusion equations [39-41] (with some
iteration) yielded the interdiffusion coefficients (average
values) shown in figure 8 and listed in table 10.

TABLE 10. Average copper interdiffusion
coefficients in the Fe-Cu
system. Data taken from
Speich et al. [22].

T (°C) Phase? T (cm2/s)P

1020 ¥ 2.63 x 10712
989 ¥ 1.04 x 10712
960 ¥ 4.82 x 10713
929 y 3.31 x 1073
859 “ 2.68 x 10717
832 o 1.18 % 10711
805 o 6.97 x 10712
776 o 2.00 = 10712
750 « §.77 x 10713
730 o 2.10 x 10713
699 a 8.09 x 10774

&The interdiffusivn coefficient in the
a-phase (0-2 wt%) and the y-phase (0-5
wt%) is assumed to be concentration
independent.

bThe mean deviation was no greater than
+20% of the average value.

An anomalous decrease of the interdiffusion coefhi-
cient is found to occur below the Curie temperature
(~ 759 °C), not unlike that found for other substitutional
elements diffusing in iron. Additionally, a large dis-
continuity in the temperature dependence of the inter-
diffusion coefficient is observed at the afy transforma-
tion, similar to the discontinuity in the Arrhenius plot
of the copper tracer diffusion coefficient data of Roth-
man et al. [21].

The interdiffusion coefficients of copper and a-iron
{over the composition range 0-2 wi% Cu) in the para-
magnetic temperature range (776-859 °C) obey an
Arrhenius equation. A least-squares fit to the data
gives the following Arrhenius equation:

D=8.6 exp (—59.7 kcal - mol'/RT) cm?s,

to describe the interdiffusion coefficient. Similarly, the
interdiffusion coefficients of copper and %-iron (0-5
wt% Cu) can be described by the Arrhenius equation:

D =1.8 exp (- 70.5 kcal - mol"!/RT) cm?(s.
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Speich and coworkers experienced a great deal of
difficulty in obtaining reproducible concentration-
penetration curves in their interdiffusion experiments
with y-iron. The low lattice diffusivity of the copper and
the rapid diffusion of copper along austenite grain
boundaries combined to mask the true interdiffusion
coefficient.

Other interdiffusion investigations have been of a
mostly qualitative nature. Arnold [42] and Ponomarenko
[43] observed very little interdiffusion of copper in iron
at temperatures in the neighborhood of 1000 °C. Guillet
and Bernard [44], Arkharov et al. [45], as well as
Bokstein and coworkers [46] observed the preferential
movement of copper in the grain boundaries of com-
mercially pure iron during interduffusion! studies. The
results obtained from interdiffusion investigations
utilizing copper and mild or plain carbon steels also
show that the copper migration is essentially through
the grain boundaries [47-49]. Kuczynski and Alexander
[50] made a metallographic study of the interdiffusion
occurring at interfaces formed during the sintering of
copper wires to flat iron blocks (and vice versa).

Sirca and coworkers [51-62] interdiffused copper and
iron, where the copper was molten and the iron was in
the form of a crucible. The results indicated that volume
diffusion was very slow—the intergranular penetration
of copper being predominant. Nevertheless, an approxi-
mate value of 10-1! cm2/s for the copper interdiffusion
coefficient at 1100 °C was estimated. Sirca also added
phosphorus, silicon, beryllium, chromium, tin, antimony,
and aluminum to the copper and observed the effect of
these dilute alloying additions on the interdiffusion
process. Only phosphorus, beryllium, and silicon were
found to moderate the grain boundary penetration of
copper.

Gorbunov, in his book {63], reports experiments with
copper diffusion coatings on iron. The iron surface was
saturated with copper by being packed in five copper
powders at temperatures 1150 to 1250 °C. It was found
that the thickness of the copper coatings increased with
temperature and duration of the cementation anneal.

The interdiffusion processes occurring between cop-
per and steels has attracted much attention. Melford
[47] plated copper onto a mild steel, interdiffused at
875 °C, and then investigated the microsegregation of
the copper at grain boundaries with an electron-probe
microanalyzer. Bozhko [48] correlated the width of the
interdiffusion zone withlgrain'boundary purity in:steels.
Rolls and Badelek [49] interdiffused copper and plain-
carbon steels and found that the copper penetration was
essentially intergranular at 1100 °C, and volume at
1200 °C. Pokhmurskii and coworkers [64~70] have
investigated the effect of protective coatings of copper
on iron and steel during fatigue and corrosion-fatigue.

3.6. Cu-Fe-Ag

Arkharov et al. [71] qualitatively followed the inter-

diffusion processes occurring between silver and
polycrystalline Cu-Fe alloys (0.001-0.04 wt% Fe) at
500 °C. The silver penetration was primarily through
the grain boundaries rather than through the lattice.
Varying iron concentrations caused no substantial
changes in the interdiffusion of the silver. The addition
of antimony and beryllium to the Cu-Fe alloys and their
effects on the interdiffusion process were also observed.

Arkharov and coworkers [45] also examined the
interdiffusion occurring between silver and copper-
bearing steels at 900 °C. Metallographic examination
revealed little or no preferential diffusion of silver in
the grain boundaries of the steels.

3.7. Cu-Fe-Al

When copper, containing aluminum alloy additions
of 2.5 and 8 at. %, was imerdiffused with iron at 1100
°C, the aluminum was observed to cause an acceleration
in the grain boundary diffusion rate of copper [60, 61].

3.8. Cu-Fe-B

The experiments of Lazarev and Golikov [18, 19],
described in sections 3.2 and 3.4, revealed that dilute
alloying additions of boron (0.003 wt%) to iron have
little effect on copper diffusing through the lattice in
alpha or gamma-iron. Boron does reduce the amount of

copper diffusing in the iron grain boundaries. See figure
12.

3.9. Cu-Fe-Be

Copper, containing beryllium (3.25 at.%), when
interdiffused with iron in the temperature range 1000—
1100 °C, was found to exhibit a minimum amount of
grain boundary penetration {60, 61].

3.10. Cu-Fe-C

The influence of copper on the mobility of carbon in
iron and steel has attracted interest because of its
obvious technological importance. The results from a
number of early papers [72-76] indicate that the effect
of the copper alloying additions is minimal, moderating
the carbon mobility in a- and y-iron, if anything. More
recentily though, Krishtal in his book [77, p. 105] writes
of “‘slight” enhancement of the carbon mobility in
austenite due to the presence of copper. Effective
diffusion coefficients for carbon in the multiphase
ternary alloys were calculated with the data obtained
from metallographic investigation and weight losses
during decarburization. The results are summarized
in table 11.

Rolls and Badelek [49] have reported the results of a
preliminary study of the influence of carbon on the
interdiffusion of copper in plain carbon-steels at 1100
and 1200 °C. The results revealed that the mode of
copper diffusion in austenite was essentially inter-
granular at 1100 °C and volume diffusion at 1200 °C in
the steel specimens of low carbon content (0.2% C
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TABLE 11.
alloys.

BUTRYMOWICZ, MANNING, AND READ

Effective carbon diffusion coefficients in austenitic Fe-C-Cu
Data taken from Krishtal [77].

Fe-C-Cu Alloy? Diffusion Coefficients Dy (cm?/s) Q (kcal/mol)
(at.% Cu) (1077 cm?/s)

920 950 990 1050 1100

°C °C °C °C °C
1.02 1.78 2.51 3.64 6.51 10.1 1.0 x 10-7 31.6
2.04 1.98 2.66 4.07 7.01. 11.0 8.7 «x 10-2 31.1
3.10 2.14 2.88 4.59 7.67 11.9 8.1 x 1072 30.6
3.95 2.40 3.26 4.85 8.32 12.6 6.92 x 10_2 30.0

4carbon content approximately 4 at.$%.

versus specimens containing 0.85% C). Electron-probe
microanalysis, both perpendicular and parallel to the
copper/steel interface, revealed copper-enriched zones
in the substrate of the high-carbon steel at 1100 °C,
whereas there was found to be a linear decrease in
copper concentration with distance from the interface
displayed by the low-carbon steel. For interdiffusion
anneals at 1200 °C, both of the low and high-carbon
steels showed the presence of copper-rich bands in the
substrate parallel to the interface, although copper
concentrations were 1.5 times higher in the high-carbon
steel. )

Other [53—57] unpublished research notes that carbon
hinders the mobility of copper during the interdiffusion
of copper and iron.

3.11. Cu-Fe-Cr

The tracer diffusion of *Fe in Cu-Cr alloys (0.8% Cr)
was found by Barreau and coworkers [8] to be essentially
the same as the lattice diffusion rate in unalloyed
O.F.H.C. copper. These results are discussed in sections
3.1 and 3.21.

When copper containing a dilute alloying addition of
chromium (0.92%) was interdiffused with pure iron at
1100 °C, very little copper penetration was cbserved
[60, 61]. The copper was apparently tied up at the inter-
face where several phases were formed during inter-
diffusion.

A metallographic examination of the diffusion
processes encountered during the sintering (at 1300 °C)
* of Fe-Cr-Cu alloys (containing 2-18% Cr and 4% Cu)
has been reported by Ahmed [78], and Ahmed and
coworkers [79].

3.12. Cu-Fe-Mo

The experiments of Lazarev and Golikov [17-19],
described in sections 3.2 and 3.4, showed that dilute
alloying additions of molybdenum (0.7-1.0 wt%) have
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little effect on copper diffusing through the lattice in «
and y-iron. Molybdenum does reduce the amount of
copper diffusing in the iron grain boundaries. See
figure 12.

3.13. Cu-Fe-Ni

The effect of copper diffusion on the magnetic
properties of permalloy films (Ni-Fe alloys) has resulted
in several investigations [80~ 86]. '

The data of Crowther [80], and Grishechkin and co-
workers [83] are in essential agreement. The inter-
diffusion process occurring between thin films of copper
and Ni-Fe alloys required an activation energy of 34
keal/mol.

The interdiffusion experiments of von Neida and
Hagedorn [81] yielded an activation energy 47.3 kcal/
mol. Why their value of the activation energy should be
so much higher is not readily apparent. Since all three
investigations dealt with thin films, something more
than a simple lattice interdiffusion process may have
been measured in these experiments.

The interdiffusion processes occurring between
Monel (709%Ni-30%Cu) and steel during industrial
heat treating operations (temperature range 900— 1000 °C)
were observed by Golovanenko [87]. The interdiffusion
of iron into the Cu-Ni alloy led to the formation of
multiphase zones at the interface.

Smiryagin and Kvurt [88] investigated the effect of
copper on the rate of iron diffusion in nickel—finding
that it causes an increase.

3.14. Cu-Fe-O

Rapp and coworkers [89] interdiffused pure iron and
Cu,O at 1000 °C and then examined the reaction prod-
ucts formed. Copper and iron oxide were found to exist
in an aggregate arrangement. The kinetics of this dis-
placement reaction are presented in detail [90].
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TABLE 12.
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Effective carbon diffusion coefficients in austenitic Fe-Si-C-Cu alloys.
Data taken from Xrishtal [77].

Fe-Si-C-Cu Alloya Diffusion Coefficients Dy (cm?/s) Q (kcal/mol)
(1077 cm?/s)
(at.% Si) (at.% Cu) 890 920 950 990 1050 1100
. °C °C °C °C °C °C
1.2 0.09 2.34 3.10 4.03 5.75 9.11 13.0 2.04 x 10_2 26.4
1.2 ' 0.21 2.57 3.31 4.31 6.03 9.56 13.8 2.14 x 10-2 26.4
1.2 0.30 2.75 3.55 4.56 6.45 10.2 14. 2.29 x 10-2 26.4
1.2 0.39 2.92 3.8 4.80 6.92 10.8 15.9 2.34 x 10'Z 26.3
1.2 0.48 3.02 4.26 5.31 7.41 11.6 16.6 2.52 x 10-2 26.3

8at eutectoid compositions.

3.15. Cu-Fe-P

Sirca [52, 60, 61] interdiffused copper, containing
small amounts of phosphorus (up to 1.2%), and iron at
temperatures up to 1100 °C. His results indicate that
the phosphorus additions minimized the amount of
copper diffusion down the iron grain boundaries.

The changes in the microstructure of Fe-Cu alloys
induced by the diffusion of phosphorus (from a vapor
phase) at 1950 °C were observed by Claussen [91]. The
results were much the same as those observed in low
carbon-steels. Hauk [92] concludes in her review that
phosphorus accelerates copper mobility in steel.

3.16. Cu-Fe-Sb

The addition of antimony (up to 8%) to copper was
found to hinder copper interdiffusion when the alloys
were interdiffused with pure iron at 1100 °C [60, 61].
The decelerating effect increased with increased
antimony content. There appeared to be little or no
effect of the antimony on the migration of copper in
the iron grain boundaries.

3.17. Cu-Fe-Si

Sirea [60, A1] interdiffused iron and Cu-Si(2%)
alloys at 1100 °C. His results indicate that copper
diffusion was primarily via the lattice with a minimal
grain boundary contribution.

Bozhko [48], while studying the mechanism by which
molten copper penetrates into steels, observed that
grain boundaries enriched with silicon were probably
responsible for the lack of penectration of liquid copper
into a 4.5% silicon-steel.

3.18. Cu-Fe-Sn

Dilute alloying additions of tin (1.9%) appear to
hinder the interdiffusion of copper at 1100 °C in Cu/Fe
couples {60, 61]. The autoradiographic results of these

experiments indicate that the copper and tin migrate
primarily through the grain boundaries.

3.19. Cu-Fe-Zr

The interdiffusion of copper with Zircaloy-2 (a
Zr-alloy whose major alloying constituent is 1.38%
Sn) over the temperature range 500-600 °C has been
studied [93] at annealing times of up to 500 hours. The
width of the interdiffusion zone was measured as a
function of time. The existence of several intermetallic
compounds in the interfacial area was noted. For a
more detailed discussion, see the section dealing with
Cu-Zr interdiffusion in Part III of this review series [94].

3.20. Cu-Fe-X

The effect of copper alloying additions to ternary
alloys of Fe-Si-C and the consequent influence on the
carhon ‘mobility was investigated by Krishtal [77].
Effective diffusion coeflicients of carbon in austenite
were calculated (for the eutectoid compositions) from
decarburization data and are tabulated in table 12. The
results indicate a very slight acceleration in the carbon
diffusion rate.

Hume and coworkers [95, 96] interdiffused copper and
scvcral sclccted stainlcss steels over the temperature
range 600-1050 °C. The stainless steels chosen had
nominal compositions of 17Cr-13Ni-2.5Mo, 25Cr-20Ni,
and 25Cr-12Ni-3W. The results revealed that, in the
solid state, copper interdiffuses very slowly {maximum
penetration at 1050 °C after 10,000 hours was only 3 mm;
at 700 °C, less than 30 microns in 10,000 hours). Well
defined grain boundary penetration of the copper was
observed. Copper penetration was found to be de-
pendent upon nickel content and metallographic struc-
ture. A noticeable Kirkendall effect was recorded, lead-
ing to considerable porosity in the copper adjacent to the
interface. Similar interdiffusion experiments were done
with copper in the liquid state (1100—-1200 °C). Rapid
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penetration rates by the liquid copper and lack of a
defined interface made the recording of any quantitative
data impossible.

Interdiffusion between copper and steel that had been
bonded by explosive welding was investigated by Trueb

[97]. He found the interdiffusion rate to vary cyclically

along the weld interface, probably because of the unique
concentration and distribution of lattice defects that
characterize explosively-bonded interfaces.

Interdiffusion processes occurring in Cu-Ni plated
carbon-steels and Cu-Ni-Cr plated carbon-steels (during
anneals at 200 to 600 °C for 50 to 600 hours) were
followed by Csokan and coworkers {98] with an electron
microprobe and metallographic analysis.

Iron-silicon diffusion coatings on copper were found
to be multiphase and somewhat protective of the sub-
strate in some acids [99]. :

Sirca [60, 61], in addition to his interdiffusion studies
with liquid copper and iron, also interdiffused molten
copper with a number of austenite and ferritic steels.
Interdiffusion was allowed to take place between 1000
and 1100 °C. Grain boundary diffusion of the copper
was found to predominate in the austenite steels
(18-8 stainless, manganese steels, nonmagnetic steels,
and Ni-Cr steels). Preferential diffusion of the copper
down grain boundaries was absent in the ferritic steels
(Cr-steels, Si-steels, and V-steels) employed in the
investigation.

The radiation enhancement of diffusion in Ni-Fe-Cu-
Mo alloys has been reported by Ferro and Soardo [82].
Evidence on the contribution to the radiation-enhanced
diffusion from mechanisms other than the excess-
vacancy one was obtained from experiments on direc-
tional ordering in the alloys. The authors suggest that
some sort of intcrstitialcy mcchanism gives risc to rcor-
dering during irradiation and that the excess vacancy
concentration introduced by the irradiation contributes
to diffusion only if the ordering takes place after
irradiation.

3.21. Grain Boundary Diffusion

A quantitative measurement of the rate of radio-
active iron diffusing in the grain boundaries of pure
copper has been reported by Barreau et al. [8]. In their
experiments, radioactive °Fe was electrolytically de-
posited onto polycrystalline (mean grain size = 250 pum)
copper (O.H.F.C. grade) specimens and diffused at
temperatures from 460-1070 °C. Below 700 °C, signifi-
cent grain boundary contributions to the total diffusion
process were revealed in autoradiographs of the speci-
mens. Using Fisher’s analysis [100], they found that the
following Arrhenius expression approximately charac-
terized the grain boundary diffusion rate of *Fe in
copper:

8+ Dypy=6.04 X 103 exp [—(50.5+10.0) kcal - mol-!/
RT]} cm3/s,
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where 8 is the grain boundary width.

The grain boundary diffusion of copper in alpha-iron
has been measured. Experiments in the a-phase have
been reported by Bergh {101, 102], and Golikov and
Lazarev [16—18]. The results of these two independent
studies are in disagreement. Bergh [101, 102] used a
novel experimental technique based upon chemical
interdiftusion and special chemical separation pro-
cedures [103] in his investigation. In the experiment, a
small piece of pure a-iron was covered with a copper
layer and then interdiffused at the desired temperature.
By measuring the grain boundary length per unit area of
iron surface, establishing the copper concentration
gradient in the mouths of grain boundaries, and de-
termining the amount of copper introduced by diffusion
(both through the lattice and grain boundaries), a grain
boundary diffusion coefficient can be derived.

TABLE 13. Copper grain boundary diffusion
coefficients in o-Fe. Data
taken from Bergh [102].
o 2
T (°C) Doy, (em?/s)

5 -8

772 2.5 x 10

692 1.2 x 107§

677 9.0 x 1077

The results are tabulated in table 13 and shown in
figure 11. When a straight line is fitted to the three data
points, an activation energy and pre-exponential factor
are found, giving the following Arrhenius expression:

DS Fe= 80 exp (—43.4 keal - mol=Y/RT) em?/s.

The error in the grain boundary diffusion coefficient,
+12% (due principally to the x-ray fluorescence and
microprobe analysis errors), yields an error of +7.0
kcal/mol in the activation energy and * 10 cm?/s in
the pre-exponential factor. _

Lazarev and Golikov [16-18], in measuring the rate
of copper diffusion in the grain boundaries of alpha-iron,
used an extension of Gruzin’s method of measuring the
residual activity to determine grain boundary diffusion
coefficients [104, 105].

Radioactive %Cu was electrodeposited onto the
surface of the iron specimens and diffusion annealing
was done in the temperature range 707-870 °C. The
temperature dependence of the calculated coefficients
is displayed in figure 12. Also determined in these
experiments was the effect of dilute alloying additions
of copper (0.2 and 1.22 wt%), boron (0.003 wt%), and
molybdenum (1.0 wi%). As can be seen in the Arrhenius
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The temperature dependence can be described by the Arrhenius expression: D, =80 exp (—43.4 kcal - mol-YRT)

cm?s. Data from Bergh {102}

plots, the values of the multiplicative factor, 8-D,,
which characterizes the mobility of copper in the grain
boundaries, is less for the alloys than pure iron—the
differences increasing at lower temperatures. The
Arrhenius expressions found suitable to describe the
grain boundary diffusion process were:

for pure iron:

5 D= 2.2%1078 exp (—28.0 keal - mol~'/RT) cm?/s,
and for the Fe-Cl} (0.2 wi%) alloy:

8 D= 6.5%x10-%exp (—38.0 kcal - mol~/RT) cm?/s.

The authors, from their error analysis, claim that the

greatest deviation from the mean of three experiments
is 30% for the multiplicative factor, 8 - D ;.

Lazarev and Golikov [19] also measured the rate of
copper diffusion in the grain boundaries of gamma-iron.
The experimental technique in these measurements was
that of serial sectioning (although the data and calcula-
tions were handled in the same manner as the above
investigations with alpha-iron). The results, shown in
figure 12, revealed a temperature dependence in the
gamma-iron which is best described by the following
equation:

8Dy, =1.6X10"%exp (—42.5 keal + mol~Y/RT) cm¥s.

As in the alpha-phase, the addition of small quantities of
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FIGURE 12. Temperature dependence of the factor, 8 - Dy, (where 8 is the grain boundary
half-width, and D, is the grain boundary diffusion coefficient) of copper in
iron and some dilute Fe-alloys as measured by Lazarev and Golikov {16—19].

. boron (0.003 wt%) or molybdenum (0.7 wt%) decreases
the mobility of copper in the grain boundaries of gamma-
iron (see fig. 12).

One wonders at the sensitivity of the experimental
technique employed by Lazarev and Golikov [16—19]
since the volume diffusion cocflicients they obtained for
Cu diffusing in pure iron failed to reveal an anomaly
when passing through the Curie temperature.

There have been a number of other studies dealing
with the penetration and microsegregation of copper in
iron grain boundaries. Sakharova [106], in her investiga-
tion on the diffusion of copper into commercial iron at
1300 °C, noted that copper moved between the grains.

Melford [47] observed the grain boundary diffusion of
copper in commercial mild steels, as did Rolls and
Badelek [49]. The grain boundary diffusion of molten
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copper in iron and steels has been studied. Sirca and
coworkers [51, 52, 60—62] were interested in the effects
of a number of alloying additions on penetration rates.
Bozhko [48] found that the activation energy for the grain
boundary diffusion of molten copper into iron and
steel was dependent on the composition of the material.
This composition dependence has been noted by other
authors [107-109]. The occurrence of copper grain
boundary diffusion during the welding and brazing of
copper and its alloys to iron and steels has also attracted
much attention [108, 110-112].

Hough and Rolls, in a series of papers [107-109],
have reported on liquid copper diffusion in iron during
high temperature creep studies, finding that grain
boundary penetration of the copper to be a significant
factor in the embrittlement of the iron.
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FIGURE 13. The surface diffusion coefficient of iron on copper as a function of reciprocal

absolute temperature.

Data taken fram Rergh [113].

Pokhmurski and coworkers [64-68], who employed
copper as a protective coating on iron and steels during
fatigue and corrosion-fatigue studies, observed the
grain boundary penetration of copper into the substrate
materials.

3.22. Surface Diffusion

A series of papers by Bergh [101, 103, 113, 114]
report the results of his surface diffusion studies of
copper on alpha and gamma-iron, and of iron on copper.
In his experiments, Bergh relied on an unconventional
but simple technique, where a very flat regular-shaped
ribbon (of known weight) of the diffusing metal was
placed on a comparatively large; polished flat specimen
of the host metal. Beneath the ribbon, the diffusant
will enter the host metal via volume diffusion whereas
on the surface, surface diffusion occurs, starting from

the ribbon circumference (which is also a phase bound-
ary). The amount of diffusant taking part in the surface
diffusion process is determined from the ribbon weight
after the diffusion anneal with the appropriate deduc-
tions for losses due to volume diffusion and evaporation.
The chemical concentration gradient is used as an
approximation of the driving force. In table 14 are
listed the calculated values of the surface diffusion
coefficients for iron on copper. When these values are
plotted as a function of reciprocal absolute temperature
(see fig. 13), a straight line can be fitted to the few data

" points obtained and an Arrhenius expression derived

to charactcrizc the iron surface diffusion process. The
resulting expression (with the author’s own estimate
of errors) is:
D,=(1.1x£0.1) X 104exp [—:(47.8=3.0)

kcal* mol='/RT] cm?/s.
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FIGURE 14. The surface diffusion coefficient of copper on alpha and gamma-iron as a
function of reciprocal absolute temperature.

The anisotropy of copper diffusion on the (110) and (112) surfaces of ferrite is evident. The lines drawn through the
dsta points in alphairon are the resnlt of aur least-square analysis of the author’s data points. For (110) the Arrhenius

equation is D=13.1 exp (—25.4 kcal - mol~'/RT) cm?/s, and for the (112), D=9.3 exp (—21.8 kcal * mol-YRT) crfs.

Data taken from Bergh [113}

Similarly calculated for the surface diffusion of
copper on gamma-iron are the values tabulated in.
table 15. The Arrhenius expression (see fig. 14) used to
deseribe the copper surface diffusion coefficient is:

Ds=(21.4+2.1) exp[—(27.9+1.8)
' kcal - mol-!/RT] cm?/s.

The surface diffusion of copper on ferrite exhibited
a fair amount of anisotropy— diffusion on {112} -planes
requiring a lower activation energy (see table 16). The
resulting coefficients, when plotted as a function of
reciprocal absolute temperature (fig. 14), can be fitted
to a straight line, and separate pre-exponential factors

J. Phys. Chem. Ref. Dota, Vol. 5, No. 1, 1976

and activation energies determined {or diffusion on the
two crystal planes. For copper on {011} -oriented ferrite
grains,

D,=(10.5+1.0) exp[—(25.5+1.6)
kcal: mol-!/RT] cm?/s

will suffice, whereas diffusion on the {112}-oriented
grains, the following expression is adequate:

D.=(1.3%0.1) exp[—(21.5£1.4)
kcal- mol-1/RT] cm/s.

Surprisingly, the afy transformation did not appear



DIFFUSION IN COPPER AND COPPER ALLOYS 133

TABLE 14. Iron surface diffusion
coefficients on copper.
Data taken from Bergh

[113].

T (°C) D, (cm?/s)

YA 2.2 x 10
891 1.1 x 1075
850 6.0 x 1076
817 3.0 x 107¢

TABLE 15. Copper surface diffusion
coefficients on y-Fe. Data

taken from Bergh [113].

T (°Q) Dy (em?/s)

978 2.9 x 1074

945 2.1 % 1074

928 1.8 x 1077

TABLE 16. Copper surface diffusion
coefficients on «-Fe. Data

taken from Bergh [113].

T (°C) D

s (cm?/s)
{011}

{112}

826 1.24 x 1004 4.2 x 1075

-5
788 7.6 x 10 3.0 x 10 °

750 4.8 x 107° 2.0 x 1075

to exert much influence on the surface diffusion
processes. .

The results which Bergh published in [103] are less
accurate than those he subsequently published in {113]
for copper diffusing on the surface of alpha-iron.

Bergh has also observed the Ostwald ripening of
particles, precipated on the surface of an Fe-Cu (3
at.%) alloy [111). From his measurements, he concludes
that the process is surface-diffusion controlled, the
cvarsening rale being dependenmt on the orientation of
individual grains. He describes a method for measuring
surface diffusion coefficients (when the lattice diffusion

and evaporation losses are minimal),
3.23. Electromigration

The electromigration of radioactive *Fe impurities.
in copper has been reported in a number of papers
[112, 115, 117). In all of the investigations, the iron
isotope migrated towards the anode.

3.24. Molten Metals

The diffusion of iron in liquid copper has been
measured over the temperature range 1100—1300 °C
with a modified reservoir technique {118]. The data
(within the limits of experimental error) can be fitted to
the following Arrhenius equation:

D= (3.5¢+0.5,) X 10-3 exp [— (12.34+0.38)
kecal* mol~!{RT] cm?/s.

Diffusion coeflicients obtained from dissolution rate
experiments [119] are approximately a factor of two
greater than the previously-mentioned investigation
[118]. Recent studies [120—122] do show that the dis-
solution rate is dependent on the activity of iron in the
bulk liquid and that the presence of oxygen will mark-
edly increase the dissolution rate. Additional experi-
ments {123, 124] reveal the rate of dissolution of solid
iron in molten copper increasing with increasing tem-
perature and rotational speed.

The reader is referred 1o the earlier sections 3.5,
3.17, 3.20, and 3.21 for more data dealing with diffusion
in liquid/solid systems.
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